Uniaxial tensile loading is investigated by the molecular dynamic (MD) method on Au nanowires at ultra-high strain rates. The activation volume is used to comprehensively characterize the incipient plastic deformation during this process. For lower strain rates such as 6.287 × 10 8 s −1 , the moving velocity, V , of the atom planes due to uniaxial loading is two orders of magnitude smaller than the phonon wave propagation speed, V 0 , and the coherence between atoms is always maintained with a larger activation volume. In this case, plastic deformation is initiated mainly by collective atomic slipping, and thus only lower flow stress is needed. On the other hand, for higher strain rates such as 6.287 × 10 10 s −1 , V is elevated to the same magnitude as V 0 , the atom coherence is broken, their individual behavior is dominated by extraordinarily small activation volume, and atom diffusion becomes the main mechanism for plastic deformation. As a result, the yield strength is improved substantially. A higher temperature may weaken this strain-rate-dependent mechanical behavior because of the enhanced atom activity.
Introduction
Metal nanowires have become one of the significant research topics in recent years because of their potential applications as general building blocks in logic and memory circuits, nano-actuators, very-high-frequency (VHF) nano-electromechanical systems (NEMSs), structural reinforcement in composite materials, and sensors to detect airborne biological and chemical toxins [1, 2] . It is well known that on the nanometer scale, large proportions of atoms are in close proximity with surfaces and interfaces. Furthermore, the lower coordination number may change the energetics and atomic bonding dramatically and the individual behavior of atoms becomes more dominant. Consequently, the mechanical properties of nanomaterials that are very sensitive to the interior microstructures and external environmental conditions 3 Author to whom any correspondence should be addressed. may differ from those of their bulk counterparts. In-depth investigations pertaining to this area are thus important from the perspective of both science and reliable applications of this type of new materials.
There have been studies on the mechanical behavior of sub-micrometer and nano-scale wires, and it has been discovered that the size plays an important role. For instance, Nix and co-workers [3] [4] [5] compressed 100 orientated submicrometer-scale gold pillars homogeneously and found that the flow stress increased significantly with decreasing pillar diameters, reaching 4 GPa for a 300 nm diameter pillar, which was much higher than that of annealed bulk gold (∼30 MPa at 2% strain) [6] . They suggested that the traditional dislocation multiplication mechanism was not applicable below a critical diameter and dislocations traversed the sample freely. As a result, continuing plastic deformation was only possible if the applied stress was large enough to nucleate new dislocations. Improved strength was observed in electrochemically synthesized Au nanowires with diameters ranging from 40 to 250 nm loaded laterally by an AFM cantilever under closed-loop X-Y control [7] . Ultra-high frequency or fast velocity is another issue faced by NEMSs, actuators and other devices and problems arising from the high temperature cannot be avoided. Hence, there has been broad interest in recent years on the mechanical behavior of nanowires at high-strain-rate loading and variable temperatures. Because it is difficult to perform the work experimentally, molecular dynamic (MD) simulation is a powerful tool in this field [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Koh et al [8] [9] [10] simulated the uniaxial tensile loading of an infinitely long 001 orientated cylindrical platinum nanowire with an approximate diameter of 1.4 nm. Their stress-strain response showed a clear periodic, stepwise dislocation-relaxationrecrystallization behavior at low temperature and strain rate, whereas due to the higher entropy of the nanowires at higher temperature and strain rate, the periodic stress-strain behavior became less clearly defined and superplasticity was observed. Chen et al [14] studied the uniaxial tension deformation of Au nanowires at high strain rates and temperatures from 200 to 600 K. They found that the microstructures of the nanowires were transformed first from a face-center-cubic (FCC) to facecenter-orthorhombic-like crystal lattice and eventually to the amorphous state. The maximum strength decreased with increasing temperature from 10.8 to 8.2 GPa, from 9.6 to 7.4 GPa and from 11.3 to 8. Various processes including dislocation scarcity [4, 5] , slip and twinning [16] , atom-diffusion-induced amorphization [8] [9] [10] , and the surface stress effect [17] have been proposed to characterize plastic deformation on this dimension scale. Although they are successful to some degree, each mechanism is merely valid for nanowires for a certain dimension range and under a given external condition. This restricts our general understanding on the mechanical behavior of nanomaterials. In this work, by means of MD, we simulate the uniaxial tensile loading of [001] oriented rectangular Au nanowires at ultra-high strain rates from 6.287 × 10 8 to 1.051 97 × 10 11 s −1 at temperatures ranging from 200 to 500 K. At the same time, the orientation of the side surfaces and transverse sizes of the nanowires are varied. By analyzing the resulting stress-strain curves and atomic configurations at representative stages, we investigate and attempt to find an intrinsic physical quantity which can be used to comprehensively evaluate the influences of all factors on the plastic deformation of nanowires, including microstructures, external conditions, and mechanical loading modes.
Simulation method
In general, two types of methods are used to describe the interactions among atoms, first principle and semi-empirical atomic potentials. Although first-principle methods need no external parameters and can be very accurate, they typically can only be used to deal with the dynamic behavior of a system comprising several hundred atoms due to the limitation of the present computational power [18] . This has been overcome by using the embedded-atom method (EAM) [19, 20] in which the atomic electron density is calculated not by iteratively solving the Schrödinger equation, but rather by direct summation according to the instantaneous atomic configuration. Moreover, different from traditional pair potentials, EAM includes the many-body effect and thus is also more accurate. So far, MD simulation with EAM potentials has been used to not only investigate the structures and properties of perfect bulk crystals [19] [20] [21] [22] [23] , but also to predict the abnormal microstructures [24] [25] [26] as well as thermodynamic [24, 27, 28] and mechanical [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] properties of nanometer-scale materials. From these aspects, EAM can be adapted to the investigation of the mechanical properties of nanowires. In EAM, the total energy of a system is approximated by
where
] is the energy contribution of the i th atom,ρ i is the background electron density at site i due to all other atoms, f (r i j ) is the electron density at atom i due to atom j , φ(R i j ) is the pair interaction between atoms i and j separated by a distance R i j , and F(ρ i ) is the energy to embed atom i in an electron densityρ i . The relevant model parameters are usually fitted using the atomic volume , cohesive energy E c , unrelaxed vacancy-formation energy E UF , bulk modulus B, Voigt-average shear modulus G, and atomic electron density evaluated at the nearest neighbor distance according to quantum calculation. As for the specific forms of these functions and the values of model parameters, readers are referred to the literature [19, 20] .
[001] orientated square cross-section nanowires with a longitudinal length of 50 lattice constants are cut from perfect Au bulk crystals. Three kinds of samples are formed by adjusting their side surface orientations and transverse sizes. Sample I is surrounded by four {100} side surfaces with a transverse length of 10 lattice constants. Sample II is surrounded by four {110} side surfaces with a transverse length the same as that of sample I. Sample III is obtained by extending the transverse size of sample II to 10 times the magnitude of the [110] base vector.
We use 'fixed uniaxial' commands in LAMMPS [29] to implement the uniaxial tensile loading of nanowires. All of the dimensions of the system are kept periodic, and a vacuum region with a width of 10 lattice constants is added to each transverse direction so that the atoms near one side surface of the nanowires do not interact with those near the opposite side surface. Four temperatures, 200, 300, 400, and 500 K, are used in the simulation process. Prior to uniaxial tensile loading, the wires are first relaxed to an equilibrium minimumenergy configuration with free boundaries everywhere and then thermally equilibrated to the given temperature for a sufficient time (usually 500 ps or so) using a Nosé-Hoover thermostat [30, 31] with a time step of 0.001 ps while keeping the length of the wires constant. The thermostat is removed prior to loading ensuring adiabatic loading conditions. The total strain is 62.87% for sample I and sample II, and 105.2% for sample III. The strain increases by a constant value every The microcanonical ensemble is used to create a system trajectory, in which constant NVE integration is performed to update the positions and velocities at each time step for atoms in the group. Here, N is the number of atoms involved in a system, V is the volume, and E denotes energy.
After sufficient relaxation at each strain, the stress tensor and centrosymmetry parameter for each atom in the nanowires are calculated. The stresses are calculated according to the virial theorem with the following form [13, 14] : . The centrosymmetry parameter is computed using the following formula [32] :
where 12 nearest neighbors in a perfect FCC lattice are involved and R i and R i+6 are the vectors from the central atom to the opposite pair of nearest neighbors. In the solid state system, it is a useful measure of the local lattice disorder around an atom and can be used to characterize whether the atom is part of a perfect lattice, a local defect (e.g. a dislocation or stacking fault), or at a surface.
Results and discussion
For the three Au nanowire samples loaded uniaxially, we obtain similar results and so only the representative ones are shown here. Figure 1 shows the stress-strain curves of sample I at 200, 300, 400, and 500 K, and the strain rates are changed from 6.287 × 10 8 to 6.287 × 10 10 s −1 for each temperature value. As the nanowires are cut from bulk Au by the topdown method, several coordinating atoms are lost near the surfaces leading to an asymmetric distribution of the outershell electrons (5d 10 6s 1 ). In such a case, considerable surface energy and surface stress are stored in the nanowires [33] [34] [35] and the system equilibrium is perturbed. Atomic relaxation or even structural transformation will subsequently take place to restore the equilibrium, especially in materials with feature sizes of only several atomic layers. This phenomenon has been observed experimentally [36, 37] and demonstrated by MD simulation [26, 38] . Therefore, relaxation of the initial atomic configuration is indispensable to uniaxial loading simulation. However, as shown in these stress-strain curves, it is difficult to have exactly the '0' value at zero strain due to randomness in the initial velocities of the specific atoms although they are distributed according to the Boltzmann law on the whole. With increasing applied strain, the stress varies smoothly for the nanowires loaded at higher strain rates, whereas many minipeaks appear in the curves for the lower strain rates. Moreover, oscillations are enhanced slightly with higher temperature. At a certain uniaxial strain, the applied stress approaches the maximum value which is the so-called yield strength marking the initiation of plastic deformation. The yield stress is plotted against the applied strain rates for the three samples in figure 2 in which the horizontal axis is logarithmic. In general, the yield strength of the nanowires increases with increasing strain rates but decreases with increasing temperature with the exception of several abnormal data points induced by the randomness of the initial atom velocity. Similar results have been reported in the past [8] [9] [10] 14] . Comparing the results between sample I and sample II, the magnitude of the yield stress of the Au nanowires also depends upon the orientation of the side surfaces although they have the same longitudinal direction and transverse feature sizes. As suggested by the results obtained from sample II and sample III and those in [4, 5, 7, 15] , the yield strength is also influenced by the feature sizes of the materials.
Hence, incipient plastic deformation of the metal nanowires depends on various factors including the intrinsic microstructures, external conditions, and loading modes in the mechanical tests. A unified physical quantity is required to characterize these phenomena comprehensively and give insights to the mechanism of plastic deformation in ultrathin nanowires. Since the activation volume υ, which is defined as the rate of decrease of activation enthalpy with respect to flow stress at fixed temperature [39, 40] , incorporates both thermodynamic activation and mechanical stress-assistant effects, it is believed to be an appropriate parameter for this purpose. Consequently, the activation volumes are fitted as follows [39, 40] : where k is the Boltzmann constant, T denotes the environmental temperature,ε is the strain rate applied for uniaxial deformation, and σ is the yield stress which is plotted in figure 3 as a function of the fitted activation volumes for all three samples loaded at different strain rates and temperatures. Obviously, these data points can be fitted nicely to an exponential curve. If taking the activation volume and yield strength as independent variable x and dependent variable y, respectively, y = −1.7824 + 6.1559 × e −x/3.3643 + 5.24 × e −x/261.36 + 4.704 × e −x/0.025 , and the yield strength increases with decreasing activation volume. Taking the singleatom volume (16.979 33Å 3 ) as the dividing line, two regions can be identified as shown in figure 3 . For a smaller activation volume, the yield strength increases dramatically from about 3 to 8.7 GPa with decreasing activation volume, but on the other hand, for a larger activation volume, the yield strength diminishes slowly with increasing activation volume. Our results suggest that there may be a transition in the mechanism of plastic deformation. In fact, uniaxial loading of nanowires is equivalent to the uniform motion of one end at a velocity of V = l ·ε where l andε are the length of the nanowire and applied strain rate, respectively [9] . The strain propagates in the form of the harmonic phonon wave from one end to the other at a speed V 0 = √ E/ρ, where E is the average Young's modulus and ρ is the average density estimated to be 19 250 kg m −3 for Au nanowires [9] . For Au nanowires loaded at 300 K with the lowest strain rate of 6.287×10 8 s −1 , E = 33.6 GPa, and then the propagation speed of the harmonic phonon wave V 0 = 33.6 × 10 9 /19 250 = 1241.8 m s −1 is two orders of magnitude larger than V = 50 × 4.08 × 10 −10 × 6.287 × 10 8 = 12.825 m s −1 . In this case, there is sufficient time for atoms to exchange momentum and energy with each other and to adjust their positions to some degree, and so quasi-equilibrium states can be achieved intermittently, as demonstrated by the mini-peaks in the stress-strain curves for nanowires loaded at lower strain rates. As a result, the atoms can usually move in collective forms (slipping or twinning) with larger activation volume, as demonstrated in figures 4(a) and (c) which show the atomic configuration at a strain of 0.090 53 just beyond yielding (ε = 0.0855). Therefore, plastic deformation is initiated easily and smaller flow stress is needed. Even at a larger strain of 0.314 35, the ordered crystalline structure is still maintained with several slipping bands, as shown in figures 4(b) and (d). When the applied strain rate is raised to 6.287 × 10 10 s −1 , E = 60.82 GPa, and V is increased to 1282.5 m s −1 approaching the corresponding phonon wave propagation speed V 0 = 60.82 × 10 9 /19 250 = 1707.1 m s −1 . It becomes difficult to keep up the exchange of momentum and energy among atoms with the moving of atomic planes. The individual behavior of the atoms becomes dominant with the activation volume pared down to a single-atom volume, and plastic deformation takes place mainly via local amorphization induced by atomic diffusion, as shown in figures 5(a) and (c) for a strain of 0.188 61. Correspondingly, the yield strain and yield stress increase to 0.1446 and 7.0635 GPa, respectively. The nanowires shown in figure 5(b) are amorphized almost everywhere at a larger strain of 0.314 35. This structural amorphization induced by mechanical stress has also been observed in other metal nanowires loaded to high strain rates [8] [9] [10] 41] . The individual atom behavior becomes the key factor determining the mechanical properties of ultra-thin metal nanowires loaded uniaxially at very high strain rates, resembling atom-diffusion controlled creep on the nanometer scale [42, 43] . When the temperature is increased, the activity of atoms is improved and their interactions become more remarkable. This leads to a stronger collective effect, larger activation volume, and thus reduced yield strength. The good exponential fit obtained from the three samples suggests that the 'activation volume' may also characterize the orientation dependence and size effect of plastic deformation in Au nanowires. In fact, this MD simulation of uniaxial tensile loading has also been carried out for other FCC metal nanowires such as Cu and Pt and similar trends have been observed. That is, the yield stress is closely related to the activation volume and the deformation mechanism transforms from collective atom slipping into single-atom diffusion with changing strain rates and temperature. The absolute magnitudes of the yield stress are discernible for different metals as each element is unique.
Conclusion
Miniaturization of microelectronic devices and NEMS requires a very small feature size of several nanometers in one dimension. Large proportions of atoms are located near the surfaces or interfaces and so the energetics and atomic bonding of the system are altered significantly. Their mechanical behavior which may differ from that of the bulk materials is very sensitive to the intrinsic microstructures, external conditions, and mechanical loading modes. In this work, simulation is performed using the molecular dynamic method to study the uniaxial tensile loading of Au nanowires at ultrahigh strain rates. Consistent with results in the literature, the flow stress required to initiate plastic deformation increases with increasing strain rates and decreasing temperatures. The concept of an activation volume is proposed to characterize these phenomena. For lower strain rates, the phonon wave propagation speed is much larger than the moving velocity of atom planes due to uniaxial loading. There is enough time for atoms to exchange energy and momentum so that coherence is maintained. Consequently, a larger volume is activated. Plastic deformation is initiated mainly via collective atom slipping, and thus only lower flow stress is needed. In contrast, for higher strain rates which elevate the moving velocity of atom planes to the same order of magnitude as the phonon wave propagation speed, coherence among atoms is broken and the individual behavior of atoms becomes dominant gradually. As a result, the activation volume is considerably reduced, atom diffusion becomes the main route for plastic deformation, and the yield strength is improved. Further analysis shows that the effect of the strain rates is weakened at higher temperatures because of increased atom activity, and the size effect and orientation dependent behavior may also be characterized by this activation volume. Our results provide insights to the mechanical properties of metal nanowires.
